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Abstract: Gallium arsenide (GaAs) is the widest used second generation 
semiconductor with a direct band gap and increasingly used as nanofilms. However, 
the magnetic properties of GaAs nanofilms have never been studied. Here we find by 
comprehensive density functional theory calculations that GaAs nanofilms cleaved 
along the <111> and <100> directions become intrinsically metallic films with strong 
surface magnetism and magnetoelectric (ME) effect. The surface magnetism and 
electrical conductivity are realized via a combined effect of transferring charge 
induced by spontaneous electric-polarization through the film thickness and 
spin-polarized surface states. The surface magnetism of <111> nanofilms can be 
significantly and linearly tuned by vertically applied electric field, endowing the 
nanofilms unexpectedly high ME coefficients, which are tens of times higher than 
those of ferromagnetic metals and transition metal oxides.  
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 I. INTRODUCTION 
Magnetism originating from surfaces and interfaces is always related to strong 
correlated systems with unoccupied d or f electrons, and has attracted great 
attention in device development. In the last century, this phenomenon has been 
intensively investigated in magnetic metals and transition metal oxides [1-5], and is 
usually attributed to the RKKY interaction [6-8] or spin-dependent exchange 
interaction [9-11]. In recent decades, the magnetic system has been extended to s 
and p hybrid electrons with the rise of low-dimensional materials [12-18]. In 
graphene, BN and other two-dimensional crystals, magnetism can be induced by 
defects, structure distortions [19-21] as well as edge states [12,22,23]. Recently, 
ferromagnetism on reconstructed Si<111> surfaces has been theoretically predicted, 
where the time-reversal symmetry is broken by the spontaneous surface 
reconstruction and magnetic instability [24]. Magnetic moments in metal oxides and 
perovskite materials caused by holes in oxygen p orbitals have also been widely 
predicted [25-30], and ferromagnetic ordering is obtained if the hole density is high 
enough [25,26,30-32]. A representation is the polar (0001) oriented surfaces of 
wurtzite ZnO, in which local spin polarization of O atoms induced at the surface is 3 
times larger than in the bulk [31], and the surface ferromagnetism can been 
considerably tuned via doping Co [31] or hydrogen adsorption [33]. Oxygen has a 
high electronegativity, which makes the surface oxygen easily achieve the high 
density of states at the Fermi level. However, it is challenging for other atoms on the 
surface to achieve that. One possible strategy is doping carriers to increase the 
density, and it has been realized in monolayer GaSe [34]. Charge transfer is another 
effective way to induce magnetism [35-39], in (LaNiO3)n/(LaMnO3)2 superlattices, an 
interfacial magnetism is realized in LaNiO3 with electrons transferring from the 
LaMnO3 to the LaNiO3 [39].  
Usually, the surface magnetism can be tuned by vertically applied electric field, 
which is called surface ME effect [40]. Up to now, there are almost 100 compounds 
having been studied to reveal the ME effect [41-43]. The underlying mechanisms of 
the ME effect can be classified into two categories. In ferromagnetic metal films and 
graphene nanoribbons [44-46], the ME effect results from the electric field-induced 
spin imbalance and exchange interaction. As for multi-ferroelectric or 
ferroelectric-ferromagnetic multilayers [47-51], the ME effect is by virtue of the 
piezoelectric strain in the ferroelectric constituent of the heterostructure, which 
would change the magnetic properties of the ferromagnetic constituent [52-54]. As 
ME effects in these materials are confined to the interfaces or surfaces, the 
relationship between the induced magnetization and external electric field can be 
expressed as 
                          0 M = Eµ α∆ ,                           (1) 
Where µ0 denotes the magnetic permeability of vacuum and α denotes the surface 
or interface ME coefficient.  
Besides changing magnetic properties, surface states can also distinguish 
nanofilms from their bulk materials in electrical conductivity. The electronic 
reconstruction at the surface or interface can give rise to a highly-conductive 
property [55-58], and sometimes it combines with magnetism [57,58]. An 
representative case in this area is cubic boron nitride (BN) <111> nanofilms [59]. In 
contrast to intrinsic electrical insulation of BN materials, the BN nanofilms become 
metallic because of the labile near-gap states originating from the surface.  
As an important second generation semiconductors, sphalerite GaAs is 
non-magnetic with a direct band gap of 1.43 eV and more and more used as 
nanofilms [60]. The main efforts so far have focused on GaAs-based diluted magnetic 
semiconductors [61-65], which are considered as strong candidates for the 
room-temperature magnetic semiconductor [66]. Doping magnetic atoms to GaAs 
surfaces results in various magnetic properties as well [67-69]. A trend has been 
revealed that the magnetic anisotropy energy is a function of the cluster size for an 
individual Mn impurity positioned in the vicinity of the <110> GaAs surface [67]. 
Nonetheless, the intrinsic surface states of GaAs nanofilms have never been reported. 
In this study, we find that GaAs nanofilms cleaved along the <111> and <100> 
directions become intrinsically metallic films with strong surface magnetism and ME 
effect. With charge-transfer normal to the nanofilms, excess screening charge 
confined to a depth of a few atoms from the surface leads to the intrinsic metallicity 
of the whole structure. Due to exchange interactions, the screening charge is 
spin-dependent, exhibiting surface magnetism. Once these nanofilms are exposed to 
vertically applied electric field, the spin dependence of the screening electrons leads 
to a strong ME effect. Since the electric field hardly penetrates into mid-layers of 
GaAs nanofilms, the ME effect is limited to the surface as surface ME effect. 
II. CALCULATION METHOD 
All calculations are carried out based on density-functional theory (DFT) in the 
Vienna ab initio simulation package (VASP) [70,71]. The studied systems are 
free-standing fcc GaAs<111> nanofilms and fcc GaAs<100> nanofilms with periodic 
boundary conditions. The Kohn-Sham equation was solved iteratively using a plane 
wave basis set with a cutoff energy of 500 eV to describe the valence electrons. The 
exchange correlation effects were incorporated in the spin-polarized generalized 
gradient approximation (GGA) using the Perdew−Burke−Ernzerhof (PBE) functional, 
and the electron-ion interactions were described by the projector augmented wave 
(PAW) method [72]. For the hexagonal unit cell, the Brillouin-Zone sampling was 
performed using a 15×15×1 MP grid for atomic structure relaxation calculations and 
a 30×30×1 MP grid for static calculations [73]. All of the atoms in the unit cell were 
fully relaxed until the force on each atom was less than 0.001 eV/Å. Electronic 
minimization was performed with a tolerance of 10-5 eV. The vacuum between two 
adjacent planes was larger than 15 Å to separate the interaction between periodic 
images. The uniform external electric field applied perpendicular to the nanofilm 
surface was introduced by planar dipole layer method as implemented in VASP [74]. 
The dipole correction [75] is applied to set the electric field in the vacuum region to 
zero. 
III. RESULTS AND DISSCUSIONS 
The nanofilms are cleaved along the <111> and <100> directions of the cubic GaAs 
structure without passivation, the unit cells of which are standard rhombus with 
optimized lattice constant of a = b = 3.997 Å and quadrate with a = b = 4.093 Å. The 
thickness of nanofilms is defined as the cleaved monolayer (ML) number n indexed 
by subscript. The outmost surface with Ga atom is denoted as the Ga-surface, and 
the outmost surface with As atom is denoted as the As-surface. First of all, the 
stability of the nanofilms is confirmed by quantum ab initio molecular-dynamics 
calculations, see Supplemental Material Fig. S1. Actually, the energetic and dynamical 
stability of single-layer III-V materials has been confirmed by first principle 
calculations [75]. Optimized atomic structures of one unit <111> and <100> 
nanofilms are presented in Figs. 1(a) and 1(b), and the bond length analysis is in Figs. 
1(c) and 1(d). The surface atoms of <111> nanofilms have little fluctuation, and the 
bond length of surface layers varies much more than that of the mid-layers for n from 
7 to 9. It is worth mentioned that the bond length of <111> nanofilms is never fixed 
to the bulk value, which is about 2.50 Å in our simulations, even in the center of the 
slab as thick as 9 MLs. As presented in Fig. 1(a), those bonds almost perpendicular to 
the nanofilms are slightly shorter than the bonds of others because of the built-in 
electric field along the same direction, which will be described below. Further, when 
spin-polarization is taken into account, the bond length of the outmost Ga and the 
closest As atom change slightly, rendering a more undulating Ga-surface. The bond 
length of <100> nanofilms has the similar phenomenon, see Fig. 1(d). As being 
reported in many wurtzite nanostructures that it is hard for those nanostructures to 
form graphitic layers with a few atom layers when n is less than three [76,77], GaAs 
nanofilms show the same phenomenon as well. Therefore, we focus on the magnetic 
properties of those thicker nanofilms. 
 
FIG. 1. Structural properties of GaAs nanofilms. The top view (left) and side view 
(right) of the single unit atomic structures of (a) <111> and (b) <100> nanofilms. m 
indexes bond number in the nanofilms. (c),(d) Bond length of <111> and <100> 
nanofilms along the <001> direction, respectively.  
We calculate the ferromagnetic (FM) states of <111> nanofilms firstly, the results 
of which show clear evidences of surface magnetism as shown in Fig. 2(e). Based on 
this, the in-plane magnetism of two outmost surfaces is considered here since they 
contribute the vast majority of magnetic moments in the entire nanofilm. Following 
four possible in-plane magnetic ground states are considered in 2x2 surpercells: 
nonmagnetic (NM), ferromagnetic (FM)-α, antiferromagnetic (AFM)-α, and AFM-β, as 
shown in Fig. 2(a). It is shown that the FM-α configuration is the most favorable 
in-plane magnetic state in energy for all these surfaces. For Ga-surface of Ga5As5<111> 
nanofilm, the ground energy of FM-α configuration is 23.1 meV, 21.0 meV, and 20.9 
meV per atom lower than that of the NM, AFM-α, and AFM-β, respectively. For 
As-surface of Ga5As5<111> nanofilm, the ground energy of FM-α configuration is 18.3 
meV, 16.2 meV, and 16.2 meV per atom lower than that of the NM, AFM-α, and 
AFM-β, respectively. For <111> nanofilms thicker than 3 MLs, the energy difference 
between FM-α and NM states increases from 0 of 3 MLs to around 20 meV per atom 
of 5 MLs, and remains unchanged with further increasing n. The energy difference 
between FM-α and two AFM states shows the same trend. For <100> nanofilms, the 
ground states of Ga-surface and the closest As-layer are also found to be 
ferromagnetism, and the ground energy is around 25 meV, and 17 meV per atom 
lower than that of the NM, and two AFMs, respectively. 
The exchange interaction between two different surfaces is considered as well. The 
two surfaces of <111> nanofilms have same spin direction as denoted by FM, or 
different spin directions as denoted by AFM in Fig. 2(b). The coupling between two 
surface states of the magnetic nanofilms thicker than 3 MLs is FM in the ground state. 
Results of the energy difference between the FM and AFM or NM states, and total 
magnetic moment (MM) are shown in Table I, where ΔEf-n = Efm – Enm and ΔEf-a = Efm – 
Eafm per unit as shown in Figs. 1(a) and 1(b), respectively. Efm, Eafm and Enm represent 
the total energy of FM, AFM and NM configurations per unit, respectively. It is shown 
that both ΔEf-n and ΔEf-a have a sudden jump with increasing n from 3 to 5, and then 
become relatively stable. Meanwhile, the total magnetic moment shows 
the same trend as well, as shown in Table I. The detailed information about the 
thickness effect will be described below. These results were further confirmed in the 
larger 3×3 surpercells to eliminate the potential errors induced by small cell sizes. 
For the <100> case, the ferromagnetic coupling between two magnetic layers is 
much stronger than <111> nanofilms since they are located next to each other as 
shown in Fig. 2(f).  
TABLE I. The energy difference per unit between the FM and NM states (ΔEf-n), the 
energy difference per unit between the FM and AFM states (ΔEf-a) and the total 
magnetic moments (MM) per unit of <111> and <100> nanofilms with various 
thickness. 
 
<1 1 1>3 <1 1 1>4 <1 1 1>5 <1 1 1>9 <1 1 1>15 <1 0 0>8 
ΔEf-n (meV) 
ΔEf-a (meV) 
MM(μB/a.u.) 
20.4 
20.2 
0 
-6.44 
-1.17 
0.544 
-43.4 
-7.8 
0.896 
-47.7 
-9.5 
1.342 
-39.4 
-6.8 
1.381 
-56.0 
-20.1 
0.438 
It should be pointed out that different from the cubic structures showing 
semiconducting characters, nanofilms of GaAs are all ferromagnetic metals with flat 
bands crossing through the Fermi level (EF). As the total density of states (DOS) of 
spin-polarized calculation shown in Figs. 2(c) and 2(d), both spin-polarization induced 
up- and down-spin electrons concentrate in the energy window of -1 eV and 1 eV 
and they are degenerated around the EF. By visualizing the magnetization density in 
Figs. 2(e) and 2(f), we found the degenerated DOS in GaAs nanofilms originating from 
the strong localized states of surface atoms with almost entire unpaired electron 
wave function in p character. For Ga6As6<111> nanofilm, further analysis on the 
projected DOS of the outmost Ga and As atoms in Fig. 2(e) shows that spin-polarized 
electrons of the 4pz orbital in outmost Ga atom presents a large splitting energy of 
0.598 eV, and that of the 4pz orbital in outmost As atom is 0.448 eV, rendering the 
imbalance redistribution of spin-polarized electrons at surfaces. The degenerated 
DOS induced by split 4pz orbital in outmost Ga is also observed in the surface atoms 
of Ga6As6<100> nanofilm, and the closest As to Ga-surface has a large splitting 
energy of the 4px and 4py orbitals as well, with corresponding splitting energy of 
0.161 eV for the 4pz orbital of Ga and 0.160 eV, 0.165 eV for the 4px and 4py orbitals 
of As, respectively. Figure 2(f) shows the results of Ga6As6<100> nanofilm, and only 
4px orbital of As is presented since 4py orbital has a similar DOS with 4px, see 
Supplemental Material Fig. S2. 
 FIG. 2. Magnetic structure and Electronic properties of GaAs nanofilms. (a) Top view 
of the different in-plane spin configurations in <111> nanofilms: the FM-α ordered, 
NM ordered, AFM-α ordered, and AFM-β ordered, with only the surface atoms being 
shown. Spin directions are represented by arrows and colors (red for up, and blue for 
down). (b) Side view of the different inter-surfaces spin configurations in <111> 
nanofilms: the FM ordered, AFM ordered, NM ordered. Spin directions are 
represented by arrows. (c),(d) Spin-polarized band structure and total density of 
states in <111> and <100> nanofilms. The blue and red lines and arrows index the 
results for down- and up-spin, respectively. (e),(f) Spin-polarized electron distribution 
and projected density of states of the outmost Ga and As atoms of <111> nanofilm 
and <100> nanofilm, respectively.  
 
FIG. 3. Built-in electric field and charge transfer in the <111> nanofilms. (a) 
Plane-averaged electrostatic potential along the normal direction of Ga7As7<111> 
nanofilm. (b) The total charge-transfer between the surfaces as a function of 
thickness, represented by the sum of variations of valence electrons in four atoms 
located at the terminated and sub-terminated layers comparing to their bulk values 
in a single unit. The blue and red lines indicate the results of Ga-surface and 
As-surface, respectively. 
To elucidate the origin of the large spin splitting, we plot the plane-averaged 
electrostatic potential along the normal of Ga7As7<111> nanofilm in Fig. 3(a). A linear 
distribution of the electrostatic potential is induced by electric-polarization, which 
means a built-in electric field pointing from the Ga-surface to the As-surface. The 
averaged potential difference between the outmost atoms at the Ga-surface and 
As-surface is estimated to be 1.302 eV. The analysis on the plane-integrated charge 
transfer upon formation of the nanofilm from isolated atoms shows that electrons 
indeed deplete at the As-surface atoms and accumulate at the Ga-surface atoms. In 
Fig. 3(b) is the total charge transfer between two surfaces as a function of thickness, 
represented by the sum of variations of valence electrons in four atoms, which 
located at the terminated and sub-terminated layers, comparing to their bulk values. 
The valence electrons of As and Ga atoms in the bulk are 5.6 e- and 12.4 e-, 
respectively. There are at least 0.12 e- transferring from As-surface to Ga-surface 
after a sudden jump with increasing n from 3 to 5 due to the built-in electric field. 
The sudden change is actually the formation process of spontaneous 
electric-polarization with the nanofilms getting thicker. An inspiring study also 
revealed thickness dependence of carrier density of the two-dimensional electron 
gas in SrTiO3 (111) slabs [79]. Usually, to satisfy the Stoner criterion, high density of 
states of p orbits at the Fermi level is difficult to realize. However, in <111> nanofilms, 
carriers at the Fermi level is dense enough at both As-surface and Ga-surface due to 
the charge transfer, which makes it an excellent candidate for realizing Stoner 
ferromagnetism. For <100> nanofilms, the magnetic moments mainly reside in the 
Ga-surface atoms and their origin is related to the existence of p electrons of 
well-defined spin polarization. 
 FIG. 4. ME effect in <111> nanofilms. (a) Schematic diagram of the nanofilms under 
vertically applied electric field. (b) External electric field induces linear magnetic 
polarization in <111> nanofilms. The circle with different colors represents nanofilms 
with various thickness, and the solid line indicates the fitted date of the magnetic 
moment in the nanofilms. (c) Comparison of the ME coefficient in this study and 
previous reported ferromagnetic metal and transition metal oxides nanofilms (Ref. 
[44,46]). 
Considering that spin-polarized electrons at surfaces are driven by the 
electric-polarization across the nanofilms, we further apply the vertical electric field 
(Eext) as shown in Fig. 4(a), which can modulate the electron transfer and tune the 
magnetic properties of the nanofilms. Here, we mainly focus on the ME effect in 
<111> nanofilms. Our results reveal perfect linear ME effects in <111> nanofilms as 
shown in Fig. 4(b). By fitting the calculated data, the obtained ME coefficient α in Eq. 
(1) is in the magnitude of 10-13 G·cm2/V, which suggests the surface magnetism in 
<111> nanofilms is highly sensitive to externally applied electric field. When Eext 
increases from -0.6 to 0.6 V/Å, the magnetic moment of Ga6As6<111> increases from 
0.960 to 1.310 µB. For nanofilms with thickness varying from 5 to 8 MLs, the 
corresponding ME coefficient (in units of 10-13 G·cm2/V) is estimated to be α = 2.22, 
2.54, 2.56, and 2.57, respectively. The ME coefficient of <111> nanofilms is tens of 
times higher than those obtained at the ferromagnetic metal Co and Fe films [44], 
see Fig. 4(c). Thereby, <111> nanofilms are of greater potential in spintronic devices 
than traditional ferromagnetic metals. The high ME coefficient of <111> nanofilms is 
reasonable because it has a small plane-averaged electrostatic potential, which 
makes its surface magnetism much easier to tune. Since the surface magnetism is 
mainly accounted for the outmost surfaces atoms, the ME coefficient hardly changes 
with the thickness of <111> nanofilms increasing. As for <100> nanofilms, the surface 
magnetism also varies monotonously with the external electric field, see 
Supplemental Material Fig. S3, but cannot show a linear relationship. 
 
FIG. 5. Electric field modulation of transferring charge and spin density in Ga6As6<111> 
nanofilm. <110> slice of the differential charge (top panel) and spin-polarized 
electrons (bottom panel) under vertically applied electric field. Blue and red indicate 
electron depletion and accumulation, respectively. 
The surface magnetism in <111> nanofilms is from the transferring charge and 
spin-polarized electrons at surfaces, the redistribution of which under the external 
electric field is contributed to the linear ME effect. Therefore, we present the 
differential charge Δρ of Ga6As6<111> nanofilm in Fig. 5 to show that, where the 
differential charge is defined as Δρ = ρe - ρ0, ρe and ρ0 are the charge density of 
Ga6As6<111> nanofilm with and without electric field, respectively. For Eext = 0 V/Å, 
redistribution of transferring charge originates from the spontaneous polarization 
across the nanofilm. When an external electric field is applied, the static equilibrium 
of transferring charge is broken. Under positive electric field (Eext is parallel to the 
built-in electric field), electrons will deplete (concentrate) at the outmost As-surface 
(Ga-surface) atoms, and the transferring electrons from As-surface to Ga-surface 
increase as the electric field strength increases. Oppositely, when negative electric 
field is applied (Eext is antiparallel to the built-in electric field), electrons transfer from 
the outmost Ga atoms to the outmost As atoms. Further analysis on the spin density 
difference reveals that those transferring electrons are not contributed equally to the 
up- (𝑛↑) and down-spin (𝑛↓) electrons. Under positive electric field, transferring 
electrons mainly occupy the p orbital as up-spin electrons and the occupied electrons 
increase with increasing electric field strength; under negative electric field, 
transferring electrons occupy the p orbital as down-spin electrons and the occupied 
electrons decrease as the electric field strength decreases. Since the magnetization 
density is defined as the difference between 𝑛↑ and 𝑛↓ as M = 𝑛↑ − 𝑛↓, the total 
magnetic moment will monotonously increase with increasing electric field. 
 
FIG. 6. Thickness-dependent of surface magnetism and relative stability in <111> 
nanofilms. (a) The thickness dependence of magnetic moments of <111> nanofilms 
and different orbitals in terminal atoms. (b) The energy difference between the 
nonmagnetic and ferromagnetic states in blue solid and the energy difference 
between the antiferromagnetic and ferromagnetic states in red circle.  
As shown in Fig. 6(a), surface magnetism in GaAs nanofilms is thickness-dependent. 
Both total magnetic moment and projected magnetizations show constant value 
after a process of increasing. Meanwhile, the ΔEf-n and ΔEf-a have a sudden decrease 
with increasing n from 3 to 5, and then become relatively stable as shown in Fig. 6(b). 
The constant of ΔEf-n and magnetic moment in thicker nanofilms is quite 
understandable because the saturation of transferring charge is reached, and the 
increasing or decreasing processes before that can be explained by the thickness 
dependence of charge transfer as shown in Fig. 3(b). As for the thickness 
dependence of ΔEf-a, long-ranged interlayer coupling between two surfaces should 
be considered. Recently, the importance of overlooked long-ranged interactions 
between magnetic ions has been revealed theoretically and experimentally, the 
objects of which contain both monolayers [80] and van der Waals crystals [81-83]. 
The <111> nanofilm of 3 MLs is an antiferromagnet with two surfaces having 
different spin directions due to significant contribution from interlayer 
superexchange interaction. For nanofilms thicker than 4 MLs, the surface states 
decouple and the ΔEf-a may due to the contribution from the transferring charge 
between surfaces. A clear evidence is that applying every 0.2 V/Å positive electric 
field (parallel to built-in electric field) would leads to about 4 meV per unit decrease 
of ΔEf-a, indicating a more stable FM configuration. Due to the limited computation 
ability, the thickest nanofilm in our simulations is 5.0 nm (Ga16As16<111>) with the 
magnetic moment up to 1.35 µB. The projected magnetization of outmost Ga and As 
atoms shown in the Fig. 6(a) further confirms that the p orbital of terminal atoms is 
mainly contributed to the surface magnetism. The variation of the surface 
magnetism in <100> nanofilms shows the same trend but with a much smaller 
amplitude as shown in the supplemental material Fig. S5. 
IV. CONCLUSIONS 
In summary, our first-principle calculations predict the existence of surface 
magnetism in metallic GaAs<111> and <100> nanofilms. The surface magnetism is 
attributed to the imbalance of spin-polarized electrons near the Fermi level. Built-in 
electric field induced by electric-polarization drives electrons aggregating at the 
outmost surface atoms, and it plays an important role in realizing and retaining the 
surface magnetism. Under an perpendicular electric field, the surface magnetization 
of these nanofilms significantly changes with the field strength, especially for <111> 
nanofilms exhibiting a strong linear magnetoelectric effect with high coefficients, 
which should be interesting for spintronic device development. 
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